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The recent outbreak of H7N9 influenza virus infections in humans in China has raised concerns about the pandemic potential of
this strain. Here, we test the efficacy of H3 stalk-based chimeric hemagglutinin universal influenza virus vaccine constructs to
protect against H7N9 challenge in mice. Chimeric hemagglutinin constructs protected from viral challenge in the context of dif-
ferent administration routes as well as with a generic oil-in-water adjuvant similar to formulations licensed for use in humans.

In early spring 2013, the Chinese authorities reported the first
human cases of avian H7N9 influenza virus infections (1), and a

total of 137 cases and 45 fatalities have been officially confirmed by
the World Health Organization by 25 October 2013 (including 2
cases in October 2013) (2). Characterization of viral isolates re-
vealed that H7N9 binds to �2.6-linked sialic acids and that it can
replicate in the mammalian upper respiratory tract, indicating
that it could be able to acquire sustained human-to-human trans-
missibility (3–5). These findings, together with the fact that neur-
aminidase (NA) inhibitor-resistant mutants have arisen quickly in
treated patients, without apparent fitness loss (6), have generated
concerns for an H7N9 pandemic.

The H7 hemagglutinin (HA) falls phylogenetically within the
group 2 influenza A HAs and shares conserved epitopes in the
membrane proximal stalk domain with other members of this
group (H3, H4, H10, H14, and H15 HAs). This region of the HA
is, however, considered to be immunologically subdominant.
Antibodies against this subdominant region of the HA are gener-
ally not induced by regular, H3-containing, seasonal trivalent in-
activated vaccines (TIV) and only to low titers by natural H3N2
infection (7–9). However, monoclonal antibodies recognizing
epitopes in the stalk domain have been isolated from mice and
humans and exhibit broadly neutralizing activity against diver-
gent group 2 influenza virus subtypes (10–13).

We have recently reported that a vaccination regimen based on
chimeric HAs (cHA) can elevate the immunogenicity of this do-
main and thus focus the antibody response toward conserved
epitopes in the HA. Importantly, elicited anti-HA stalk antibody
titers were sufficient to protect against influenza virus challenges
in both mice and ferrets (13–16) (F. Krammer, R. Hai, M. Yon-
dola, G. S. Tan, V. Leyva-Grado, A. Ryder, J. K. Rose, P. Palese, A.
Garcia-Sastre, R. A. Albrecht, submitted for publication). Impor-
tantly, protection is limited to viruses that express an HA belong-
ing to the same HA group used for vaccination, and cross-reactiv-
ity among HAs belonging to different groups was also not
observed (14, 16). Here, we aim to evaluate whether the titers of
cross-reactive stalk antibodies elicited by a group 2 (H3) HA stalk-
based vaccination regimen are sufficient to confer protection
against the novel H7N9 virus. Furthermore, to study the impor-
tance of mucosal responses for protection, we applied an experi-
mental setup that induces both mucosal and systemic immunity
and compared it to one that would induce only systemic immu-
nity. We also compared two adjuvants, poly(I·C) (PIC), which we

successfully used in combination with cHAs in animals before,
and a generic oil-in-water (OIW) adjuvant (17). The latter is sim-
ilar to adjuvants that have been licensed for use in humans (17).
Animals (n � 10 per group, female 6- to 8-week-old BALB/c mice)
were primed with a DNA plasmid expressing a cH4/3 protein (H4
head derived from A/duck/Czech/56 on top of an H3 stalk domain
derived from A/Perth/16/09) (16) via intramuscular (i.m.) elec-
troporation with a TriGrid electroporation device (Ichor Medical
Systems) (Fig. 1A). It is of note that DNA vaccination is not essen-
tial for induction of broad protection by cHA vaccination regi-
mens. Vaccination with just proteins (no DNA) yielded results
comparable to vaccination with DNA priming in earlier studies
(18). Three weeks postprime, animals received a recombinant
cH5/3 protein (H5 head derived from A/Vietnam/1203/04 on top
of an H3 stalk derived from A/Perth/16/09) (16). Animals in one
group received 5 �g of cH5/3 protein intranasally (i.n.) and 5 �g
i.m. adjuvanted with 5 �g of PIC (high molecular weight; Invivo-
gen) (PIC i.n. and i.m.). A second group received only the i.m.
dose with PIC (5 �g HA in total) (PIC i.m.), while a third group
received 5 �g of cH5/3 protein with a generic OIW-based adju-
vant (OIW i.m.) (Fig. 1A). All mice were boosted a second time 3
weeks later with full-length H3 protein using the same vaccination
routes, adjuvants, and immunogen amounts (Fig. 1A). All recom-
binant proteins used for vaccination were expressed in the bacu-
lovirus expression system with a C-terminal T4 foldon trimeriza-
tion domain and a hexahistidine tag to facilitate purification (19).
The OIW adjuvant (20 mM citrate, 0.5% polysorbate 80 [pH 6.5],
0.5% span-85 [sorbitan trioleate], 4.3% squalene) was prepared as
described before (17) (Fig. 2). Positive controls (n � 5) received
one i.m. vaccination of formalin-inactivated A/Shanghai/1/13
H7N9 (SH1; 6:2 reassortant with HA and NA derived from
A/Shanghai/1/13 and the internal genes from A/Puerto Rico/8/34)
whole virus preparation. Negative controls (n � 4 or 5) received a
mock DNA vaccination followed by two boosts with bovine serum
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albumin (BSA) administered in the same amounts and route as
the respective cHA vaccination regimens they were compared to.
Four weeks after the last immunization, animals were bled and
then challenged with 10 murine 50% lethal doses (mLD50) of SH1
virus. Weight loss was monitored over a period of 14 days, and
mice that lost more than 20% of their initial body weight were
euthanized. Animals in the PIC i.n. and i.m. group lost an average
of 10% of their initial body weight (Fig. 1B) compared to 15% in
the PIC i.m. group (Fig. 1C), suggesting that the mucosal immu-
nity at the site of infection has a significant role in protection.
Furthermore, the mice in the OIW i.m. group lost only 12% of
their initial body weight on average (Fig. 1D), which is also re-

flected in the observed survival. All PIC i.m. and i.n. vaccinated
animals survived the challenge (Fig. 1E), compared to only 70% of
the PIC i.m. animals (Fig. 1F). However, survival in the OIW i.m.
group was 100% (Fig. 1F), indicating a better protective effect with
the OIW adjuvant. To quantitatively assess the titers of H7 HA
antibodies elicited by the three different vaccination regimens, we
performed enzyme-linked immunosorbent assays (ELISA) using
a recombinant SH1 H7 HA as the substrate. Since the cHA-vacci-
nated animals were not exposed to an H7 head domain, we con-
cluded that any observed reactivity to H7 would be predominantly
derived from cross-reactive antistalk antibodies. To exclude bind-
ing to the hexahistidine tag or the trimerization domain, we used

FIG 1 Vaccination with H3 stalk-based cHA protects mice from challenge with H7N9 virus. (A) Schematic representation of the vaccination regimen. Structures
are based on protein database structure number 1RU7. Mice in panels B to G received a DNA prime coding for cH4/3 protein (H4 head in combination with an
H3 stalk) and were then boosted with cH5/3 (H5 head on top of an H3 stalk) and full-length H3 protein. The animals were challenged 4 weeks after the last
immunization with H7N9 virus. Weight loss curves are shown in panels B to D, and survival curves are shown in panels E to G. The dashed lines in panels C and
D indicate the highest average weight loss (day 7) of the PIC i.n. and i.m. group shown in panel B. Mice shown in panels B and E (PIC i.n. and i.m.) were boosted
sequentially with cH4/3 and cH5/3 protein intranasally and intramuscularly in the presence of poly(I·C) as the adjuvant. Animals in panels C and F received the
same proteins as boosts but received the immunizations only intramuscularly (PIC i.m.). Mice in panels D and G were immunized intramuscularly only with an
oil-in-water adjuvant (OIW i.m.). Animals in the control groups received BSA with the respective adjuvant and via the respective routes. Positive control animals
(same group was compared to all three experimental conditions) were vaccinated intramuscularly with inactivated matched challenge virus.
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a recombinant SH1 H7 HA expressed with a GCN pII leucine
zipper trimerization domain and a Strep-tag II (14, 20). The high-
est endpoint titers were detected in serum collected from PIC i.n.
and i.m. vaccinated animals, followed by the OIW i.m. animals
(Fig. 3A). Mice that received the PIC i.m. vaccine had statistically
significant lower titers (P � 0.03) than the OIW i.m. animals. This
difference in endpoint titers correlates well with the differences in
weight loss and survival. The antibody isotype distribution can be
strongly influenced by adjuvants and can have a high impact on
the protective efficiency of antibodies. However, we did not detect
significant differences in the isotype profile when we compared
the three vaccination regimens (Fig. 3B). This suggest that, in the
case of i.m. only vaccination, the antibody titer was the main cor-
relate of protection. Sera from the vaccine and control groups
were also tested in a microneutralization assay, but results for the
cHA-vaccinated groups were negative, probably due to the limit of
detection (1:20) of this assay (data not shown). Since we observed
that animals immunized via both routes showed lower morbidity
than animals that were vaccinated only intramuscularly, we can
speculate that mucosal IgA antibodies induced by the i.n. vaccina-
tion had a substantial contribution to protection. Differences in
weight loss between the PIC i.n. and i.m. group and the PIC i.m.
group were statistically significant on day 7 (P � 0.0383) and day
8 (P � 0.0136) (unpaired t test). However, it should be noted that

FIG 2 Oil-in-water (OIW) adjuvant preparation and characteristics. (A) Scheme
of the OIW adjuvant preparation. The OIW emulsion is prepared at a 20- to 40-ml
scale. Span-85 is dissolved in squalene, and polysorbate 80 is dissolved in deionized
water and then mixed with citrate-citric acid buffer. Oil and aqueous phase frac-
tions are combined and mixed into a coarse emulsion by vortexing and is then
passed through an LV1 Microfluidizer (Microfluidics, Westwood, MA) at 12,000
lb/in2. The eluent is collected and repassaged for a total of 5 passes through the
Microfluidizer to yield a stable and homogeneous emulsion. The final pass is fil-
tered through a 0.22-�m-pore-size filter and filled into sterile glass vials. (B) Par-
ticle size of the OIW adjuvant prepared by microfluidization was determined by
dynamic light scattering on a Malvern Nano 3ZS. The sizes shown are the Z-aver-
age means from 2 independently prepared batches. These preparations are con-
sidered monomodal, as polydispersity after the final passage through the Micro-
fluidizer and sterile filtration ranged from 8 to 11%.

FIG 3 Vaccination with H3 stalk-based cHAs induces high antibody titers
against H7 hemagglutinin in mice. (A) IgG endpoint titers of cHA-vaccinated
mice against H7 (A/Shanghai/1/13) HA. The one-tailed P value was calculated
using an unpaired t test. (B) Immunoglobulin isotype distribution directed to
H7 HA in sera from mice vaccinated via different routes and with different
adjuvants. The analysis was performed at a 1:200 dilution.
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these animals also received twice as much antigen as the i.m.-only
animals. In conclusion, we show that mice can be protected
against the novel H7N9 virus using a stalk-based immunization
regimen with cHA constructs that do not possess an H7 head
domain. Furthermore, an oil-in-water-based adjuvant similar to
those licensed for use in humans (17, 21) performed well with the
cHA vaccine candidates, suggesting that this combination could
also be considered for testing in humans. An HA stalk-based vac-
cine providing universal influenza virus protection could replace
strain-specific seasonal vaccines and further enhance our pre-
paredness against potential pandemic influenza virus strains like
H7N9.
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